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Herbaceous biomass production was studied for six years (1991-1996) at four dry miombo woodland sites (two on 
hillsides and two on interfluves) in central Zambia by methods of harvest and nutrient analys is. Frequent man-made 
fires at the study sites destroyed most of the necromass by the end of the dry season; the residual necromass 
disappeared by the middle of the rainy season through decomposition. Production was confined to the wet season 
(November-Apri l). Above-ground to tal biomass peaked in March or April but th is varied from year to year over the 
six-year period. The hillside sites produced a lower mean biomass (<IOO g m-2 yr) than interfluve sites (1 00-200 g 
m- 2 yil). When mass loss due to decomposition of necromass and nutrient leaching from live biomass was taken into 
account, the peak above-ground total biomass estimates represen ted 64-92% of actual production. 
The effect of wood land clearing on above-ground herbaceous biomass production was most significant at the hillside 
sites and production was negative ly correlated with soil extractable phosphorus. Tree basal area, stem density and 
height, leaf biomass in cut plots, soil cation exchange capacity and mineral nitrogen had no significant effect on 
herbaceous biomass production. Annual variations in herbaceous biomass production appeared to be linked to 
vari ations in soil moisture availability. 
The nutrient content of herbaceous biomass changed throughout the growing season. Nitrogen concentration in 
biomass was highest at the beginning of the rainy season while phosphorus concentration was highest during the latter 
half of the season. The concentration of potassium increased from the beginning ot the rainy season and peaked in 
mid-season before declining to low dry season levels. 
Keywords; Effect of woodland clearing, herbaceous biomass production, miombo woodland, nutrients, Zambia. 
Introduction 
Variability in grass production in tropical savannas has been 
linked to variability in annual rainfall (Kelly & Walker 1976; 
Menaut & Cesar 1979; Prince & Astle 1986; Dye & Walker 
1987; Harri ngton & Johns 1990). However, the effects of rainfall 
on herbage production are complex (Rutherford 1978) and pro-
duction may he significantly rdated to soil water holding capac-
ity, the infiltration capacity of the soil and water availability 
(Rutherford 1978; Barnes ef 01. 1991; Leeuw & Tothill 1993), 
Soil moisture and nutrients are the key determinants of grass pro-
duction in savanna ecosystems (Hopkins 1966; Strang 1969; 
Rutherford 1980; Menaut et al. 1985; Frost ef 01. 1986). Where 
analysis has involved sites with similar soil nutrient status, e.g. 
volcanic soils, a pos itive correlation between precipitation and 
peak ahoVl: -ground (AG) grass biomass has been demonstrated 
for east and southern Africa (Deshmukh 1984). Because of the 
coexistence of trees and grasses in wooded savanna ecosystems, 
the relationship between grass production and soil moisture/ 
nutrients is even more complex. An inverse relationship between 
woody plant cover and grass production has been observed 
(Barnes 1965; Ward & Cleghorn 1970; Strang 1974; Oguntala 
1980; Sanford ef al. 1982; Mooney & Gu1mon 1983; Deshmukh 
1984; Knoop & Walker 1985; Priace & Astle 1986; Harrington 
& Johns 1990), but Belsky ef al. (1989) made contradictory 
observations in an East African savanna. Indeed the relationship 
between woody cover and herbaceous production may be either 
linear or non-linear (Leeuw & Tothill1993). 
Most savannas are regularly burnt and it has been observed 
that burning increases grass production in such ecosystems 
(Trapnell 1959; Strang 1974; Brookkman-Amissah ef 01. 1980; 
Oguntala 1980; Frost 1985). Since fire may reduce woody plant 
cover (Rutherford 1978), it is not clear whether such an increase 
in grass production is the direct effect of fire or the effects of 
reduction in woody plant cover and/or increased availability of 
soil nutrients. Although many studies have been done in southern 
Africa (see Rutherford 1978), very few of these have investigated 
the effects of all these factors on grass production in the region's 
savanna woodland ecosystems. The present study was designed 
to test whether grass production in miombo woodland (i) varies 
annually; (ii) is negatively correlated with tree cover and, (iii) is 
determined primarily by soil moisture and nutrients. Miombo 
woodland is a central southern African savanna woodland that is 
dominated by trees of the genera Bmchystegia, iulbernardia and 
fsoberlinia with a continuous ground cover that is dominated by 
grasses. 
Grass production in east and southern African savannas is 
commonly estimated by the peak or end-of-season above-ground 
(AG) biomass method with harvesting being done at the end of 
the rainy season (Deshmukh 1984). But this method underesti -
mates production (Sarmiento 1984; Long ef al. 1989). The 
present study therefore also assessed the degree of underestima-
tion of the peak AG biomass method by the inclusion of mass 
loss through nutrient loss in live biomass and decomposition of 
necromass during the growing season. 
Nomenclature of plants follows Astle (1968-69) , Fanshawe 
(\971) and White (\962). 
Material and Methods 
Study area and sites 
The study was carried out over a six-year period from 1990 to 1996 
in the Chakwenga area, about 110 km east of Lusaka (lso2S'S; 
28°19'E). in central Zambia. Mean annual rainfall at Lusaka, the 
nearest weather station, is 792 mm and is distributed from November 
to March/April and 75% of this occurs from December to February. 
However. the mean seasonal rainfall of 6 J 9 mm over the six-year 
study period was below normal. 
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Thl! Chakwcnga area is umkrlain by grani tic bascJlI(!n t rOl:ks th<l t 
aft: dcfllrmt:!u hy quartzites. gnt:!isses and schists (Simpson 19(7). 
Thc so ils have heen mapped by the Soil Survey Unit in the Dt;!part~ 
men I of Agricu lture as a mixlU rl! of Alfisols ;::mcJ Ullisols and accord-
ing to Bell (19X2) soils derived from basement rocks have low soi l 
mltrienl status. Generally the suil is sandy loam at 0-30-em depth 
and sand day loa m aI 31~100-cm depth with a pH of 5.0-6.0 (Chi-
dumayo 1993). The miombo woodland in the study an:a is domi -
nated hy Brachystegia boehlllii. Jillbemllrdia g!()b~{I()m, /Johl'rlillia 
llllgoielisis and Uapllca species (Chidumayo 1988) and falls under 
the dry miombo type of Whitc ( 19M3). The herbaceous layer is dom-
inated by perennial species of ffYfJarrhellia . Alldmpogo/T, Brqc:hiaria 
and CYPf'I'lfJ (Chidumayo 1993). 
The study W<lS done at four sites: A (l5°1),S. 29°13'E); B 
(15°17'5, 29°14'E); C (15°13'5. 29° II'E); Jnd D (l5° I7'S. 
29°1 4'E). Sites A & C'were on hills ides with stony soils and surface 
boulders in phlCCS and slopes of 4('/0 and 2.5%. respectively: siles B 
& 0 were on tlal interf1uves with deeper soi ls, extend ing to at least 
IOO-cm depth. Sites C & D were in old-growth uneven age woodland 
while A & B had been clear-cut by the Veterinary and Tsetse Control 
Department during 1971172 and the regrowlh at site A was 
rc-deared in 1981.Thus the regrowth was 18 and 9 years old at sites 
B & A, respectively, when the sites werc established in October 
1990. 
Each si lt:: had a tow l are<l of 20 x 94 m. consisting of e ight 10 x 
20-m plots with each plot separated by a 2-m wide boundary. During 
the establi shment of the trials aU woody plants taller than 1.4 m were 
identified hy species. enumemtcd and the gi rth at 1.3-m height meas-
ured. In order 10 study woody plant rege nemtion and the effect of 
tree clearing on herb;)ce()us hiomass production. woody plants in 
two plots. each Wilh an uncut plot on either side. at each site were 
clea r-cut by axe at grounu level in Novemher 1990 and their heights 
measured . 
Soil samples 
During the rainy season (November-April) from 1990 to 1991 soil 
samples, co llected with an auger on a monthly basis at O-IO-em 
(topsoil) and 1 1-30~cm (subsoil) depths fro m each cui plot and one 
of the adjacent uncut plots at eat.:h site, we re analysed to measure fo r 
soil moisture! and nutrient levels. At site A subsoil samples were not 
coll ected due to soil shallowness. S<lmples for soil moisture assess-
ment from the different plots at each site were analysed separately 
while those for nut ri l.mt assessment were bulked for each soil depth 
and each treatment (cut ;.!nd uncut plo lS) and a singh: composite suh~ 
sample ohtained fo r the analysis of mineral nitrogen. exlractable 
phosphorus and cations (C;). K. Mg and Na). 
An atomic absorptio n spectrophotometer was used to determine 
cnlcium and magnesium. whitt! potassium and sodium weft! deter-
mined usi ng a flame photometer (Hesse 197 1). The Bray I method 
(Bray & Kurtz 1945) was used to measure extractable phosphorus. 
To determine the concentration of mineral N. 30 ml of H2S0~ and a 
c<ltnlyst mixture of K2S0~. CuSOJ and Se were added to 10 g of soil 
in a SOO-ml Kjcldahl Il ask to digest the N. After diges tion. a known 
quantity of the mixt ure was disti lled after (ldding NaOH. The l ib~r­
<lted ammoni"i was captured in excess H ,BO, and the solution 
titwted with 0.0 I M HC I. 
Herbaceous biomass 
Harvest ing o f herbaceous bio m;)ss W;)S done in quad rants (I x I m) 
systematicully located alung diagonal lines across each samp!e plot 
with each qundram being harvested once during each season. Sw.nd-
ing herbaceous vegetation was dipped at about 2.5 cm above ground 
(AG) and separated inco grass (i ncluding sedges ) and other herbs and 
eal:h further separated into live (green) biomass and necromass. Sur-
face litter was excluded. The weight of the samples at the tillle of 
harvesting was determined before oven-d rying fo r 48 h at 80°C .. lOU 
re-weighing. 
Harves t samples were obtained from two types of quad rants : those 
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in wh ich only the AG herbact.!ous biomass was harvested and those 
in which both AG and below-ground mG) hiomass W(lS harvested. 
Harvesting of only AG biomass was donI.! in each cut plot and one of 
the adjacen t uncut plols in wh ich so il !-><lm ples were obtained. To 
minimize disturbance in cut plots only I.lTlt.: quadrant per plm W(lS 
harvested monthly during the 1990-91 season. During the 199 1-92 
season two quadrants per plot were harvested hi monthly in Jilnu<.Iry, 
March :U1d May 1992. and three quadrants per plot were harvested at 
the end of the wet season at the end of March or t.:arly April from 
1993 tn 1996. 
Assessment o f BG biom<Jss WilS hased on 50-cm deep pit's. dug 
after harvesting: the AG biomass . in whic h the soil wns carefully 
se<Jrched for roots separated in to woody plant, grass (induding 
sedges) and other herbs. and immediately weighed before 
oven-dry ing: as described above. Again. to avoid se ri ous disturbance 
in cut plots, AG and BG biomass samples were obtained from 
another set of two uneut plots. adjacent to wt plols but in which no 
soi l samples were coll ected. to dete rmine changes in herbaceous bio-
mass from one dry season to the next. Two quadrants (one per plot) 
at eaeh site were harves ted in this manner in October and December 
1991 and February. April and June 1992. 
To dete;:rmi ne changes in nutrient concentr<.lti on in hcrh;)ceous b io-
mass. samples from eilch site and quadrants in which both AG and 
BG biomass were harvested were thoroughly mixed after oven-dry-
ing. and si ngle subs<1 mp\es of AG and BG hi om ass anal ysed to 
measure the nitrogen , phosphorus and potassium levels. Phosphorus 
was determined by calorime try using ascorbic acid while K was 
determined by atomic absorpt ion after ashing a gram of lincly 
ground dried material in a mume furnace ror 2 h ;)t 450°C and boil-
ing in nitric acid. Nitrogen was determined using the Kjddahl 
method. 
DecompOSition of grass litter 
After removi ng all the litter and AG biomass. an equ ivaknt of 100 g 
of oven-dried g fClSS necromass WilS placed on the soil surface in each 
of the 12 quadrants (I x I m) o n 20 November 1991 and 1992 at 
each site. The quadrants were located 2 J1l outside the site perimeter. 
Logs were placed along the edges of e;)ch quadrant to coniine the lil-
tcr and residual materia l from two quad rants was ca refu lly removed 
by hand every fou r weeks. cleaned and oven-dried. as described 
above. to determine dl.!composition rateS during the 1991-92 and 
1992-93 rai ny seasons. 
Fire 
Fire occurrcnce al each site was recorded at the end of each dry sea-
son in October or November from 1990 10 1995. 
Tree leaf biomass in cut plots 
In the cu t plots tree regenerat ion was monitored in March or April 
from 1991 to 1996 by measuring: the basal diameter of all shoots 
with a diameter of over 5 mill. The measurements were used to esti-
mate lea f biomass al the end of each season using equations in Chi-
dllmJYo (1993). 
Statistical analysis 
Data for small samples were analysed using nOll-parametric stat is-
tics: the Sign and Mann-Whitney V-tests for comparing two sam-
ples. the Kruskal -Wallis unalysis of variance (ff-stati sti c) for 
c.:omparing many samples and the Kenu<J 11 rank correlation coeffi-
cient (S-st:.1tistic) for association analysis (S iegel 1956). For large 
samples, the parumetric F-statistic was used to compare differences 
among many samples. 
Results 
Habitat structure and biotic factors 
Table ( sum marizes charac teristics of the woody veg~tation 
at the study sites. A nalysis of variance revealed signiticant 
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Table 1 Woodland characteristics (mean values and standard 
deviation, S.D.) in uncut plots at the four study sites 
Si te A Site B Site C Silt.': 0 
Variahle Mean S.D. Mt.'an 
Stem density (m-2) 0.6 0. 1 
Basal area (cm 2m 2) 6.2 1.1 
Stem heIght (m) 2.7 0.9 
inter-site differences in woody plant stem height (F = 195, 
P < 0.0(1), basal area (H ~ 9.0, P < 0.(5) and density (H ~ 16.3, 
P = 0.00 I). Inter-site differences in cation exchange capacity in 
topsoil (F = 6.52, P < 0.01), extractable P in both topsoil (F = 
4.62, P < 0.(1) and subsoil (F ~ 3.49, P <0,05) and in soil mois-
ture during the [990/91-1992/93 rainy seasons (H ranging from 
35-59, P < 0.(01) were also significant (Table 2). However. dif-
ferences in mineral N concentrations were not significant at 
P ~ 0.05. 
Man-made tires were common at the study sites during 
August to Nowmber but the frequency varied from site to site. 
Site A was burnt in 1991 and 1995, site B was burnt in 1991, 
1992 and 1994, site C was burnt every year while site D was 
burnt in 1991 and from 1993 to 1995. A local settler near site A 
introduced goats in 1995 which affected herbaceous biomass 
during the 1995- 96 season at th is site. There was no grazing 
at the other sites. and throughout the study there was no noticea-
ble herbivory hy insects or wild mammals at all the study sites. 
0.3 
7.4 
4. 1 
S.D. l\1ean S.D. l\1ean S.D. 
0.1 0.1 0.0 0.1 0.0 
2.9 9.3 3.0 11.3 4.6 
1.8 5.3 2.4 7.0 2.6 
Changes in biomass during the growing season 
Changes In herbaceous biomass during the 1990191 and 1991192 
seasons arc shown in Figure I. At the end of the dry season in 
November there was hardly any AG necromass at the sites due to 
destruction by tire. Below-ground biomass decreased at the 
beginning of the growing season when AG biomass started to 
accumulate but both biomass components increased thereafter 
and peaked at the different sites any time from February to April 
before declining to dry season levels (Figure Ib). The pattern was 
similar for AG biomass during the previous season (Figure la). 
Above-ground live biomass plus necromass (AG total biomass) 
increased from December 1990 to February 1991 and reached a 
peak in March or April hefore declining thereafter. The percent-
age of tot a! biomass made up of AG biomass during peak periods 
ranged from 15- 45%, with hillside sites A and D having the low-
est (15- 27%) and intcrrluve sitt":s Band D the highest (25-44%) 
values. However, tht": hillside sites had the highest BG biomass 
(Figure Ib) . 
Nutrient concentration was higher in AG live biomass than in 
Table 2 Soil nutrient status and moisture content (mean values and standard devia-
tion , S.D.) at the four study sites. Data are given for topsoil (0-10-cm depth) and subsoil 
(11-30-cm depth) for monthly samples during the rainy season (November-April) from 
199010 1993. CEC is cation exchange capacity 
Characteristic Si te A Site B Site C Site 0 
Mean S.D. Mean S.D. Mean S.D. Mean S.D. 
Topsoil nutrient concentration: 
Mineral N (mg kg- I) 24.8 12.5 24.8 17.1 21.7 10.7 22.3 ~.7 
Extrac tahle P (mg kg- I) 25.4 7.lJ 15.0 6.5 23.1 7.7 20.0 6.8 
eEC (meg ]()O g- I) 8.5 2.6 6.1 1.6 5.7 1.0 7.3 2.0 
Su bso il nutrient concen tration : 
Mineral N (mg kg-I) 24.7 14.7 19 .4 I 1.2 18.7 H.lJ 20.1 12.7 
Extrac table P (mg kg-I) 14.4 0. 1 10. 1 5.3 16.8 7.0 10.9 4.5 
eEC (meg JOO g- I) 3.9 0.6 3.2 0.5 3.5 0.9 4.0 1.2 
TopsoIl moisture content (%): 
1990/9 [ season 14.3 7.4 9.9 3.7 7.3 3.2 II. I 2.6 
1991192 season 6.8 2.6 8.7 3.8 6.8 5.3 8.5 5 .2 
1992193 season 16.5 8.2 8.6 3.9 12.6 6.3 [2.2 4.5 
Subsoil moistu re content (%): 
1990/91 season 8.4 1.1 8.2 3.5 [1.7 3.2 
1991192 season 7.3 3.1 7.6 4.4 6.7 2.0 
1992/93 season 9.0 2.7 12.6 5.1 12.6 2.7 
s. Afr. J. Bot. 1997.6,(2) 
' 80 (a) 
160 
E 
~ 
· ;; 120 
~ 
~ 
• ~ 
D 
" 
80 
0 
Z 
J 
D 
~ 
~ 40 
~ 
> 0 
m 
• 
0 
19 90 
(b) 
100 
100 
E 
~ 
· ~
~ 200 
~ 
• ~
D 
in 
300 
400 
soo 
o 
1991 
".- , 
F M 
1991 
o F 
A 
A 
1992 
J 
F igure 1 (a) Ch<lnges in above-ground herbaceous biomass during 
the 1990/91 season at site A (diagonal shading), B (dotted shading). 
C (dark shading) and D (plain) with standard error shown hy vertical 
line above bar: (b) changes in above (shaded) and below (plain) 
ground herbaceous biomass at four sites (indicated above bars) dur· 
ing the 199 1192 season. 
BG biomass, especially during the growing season. The trend 
was similar at all the sites and F igure 2 shows the resul ts of 
pooled data. Potassium showed the highest nuctuations with (;011-
ccntrations in both AG and BO increasi ng duri ng Ihe early rainy 
season and decl ining during the latter part of the season after 
pcaking in mid-season (Figure 2). 
Effect of tree cover 
The effect or variab le tree cover on pcak AG tota l biomass in 
uncut plots was compared between the six seasons using Ke nd-
all's rank correlation coeffi cient (5). T here was no correlat ion 
be tween basal area. stem density and height (independent varia-
bles) and b iomass (P > 0.10). Association analysis between tree 
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leaf biomass in cut plots and peak he rbaceous hiomass showed 
no re latIOnship during the six seasons fOllowing woodland dear-
ing at each of the sItes. 
Effect of soil moisture 
When study sites were ranked by topsoil moisture COnlL.!nt and 
pl.:ak AG total biomass. the correlat ion was inconsistent in uncut 
plots: no correlation during the 1990/91 season, significant posi-
tive correlation during the 1991/92 season (5 = 6. P = 0.04) and 
significant negative correlation during the 1992193 season (S = 
- 6, P = 0.04). Correlation was not signiticam in cut plots. Gener-
ally soil moisture values were low during 1991192, intermediate 
dari ng 1990/91 and high daring 1992193 (Table 2). It is apparent 
that in uncut plots there was a signilicant positive corrdation 
between !'oii moisture and peak AG total biomass during the 
1991/92 season when soil moisture content was lower, but 
correlation was negat ive during the 1992/93 season when soi l 
moisture was higher (Table 2). 
When plOls at each site wert! ranked by soil moisture content 
and peak AG total biomass. there was no correlation except at 
site B which showed significant negative correlation (5 = - 0.52, 
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Figure 2 Changes in mean nut rient concent ration (%) in above 
(vertical shading) :U1d below (dark shading) ground herbaceous bio-
mass (wi th standard error shown hy vertical line above bar) . 
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P = 0.05 for topso il and S = - 0.86, P = 0.0 I for subsoil). Separat-
ing the data by cut and uncut plo ts did not improve the correla-
tion at the other sites. 
Effect of soil nutrients 
When sites were ranked by topsoil nutrient status and peak AG 
total biomass, the re was no significant correlation in respect of 
mineral N and cation exchange capacity in uncut plots. Correla-
tion was generally negative ill respect of extractable P hut this 
was significant only for the 1991192 (5 = -6, P = 0.04) and 19921 
93 (S = - 6, P = 0.04) seasons. Although extractable P docs not 
necessarily indicate the availability of P to plants, sites with a 
high soil extractable P content had [ower AG total hiomass and 
vice versa. 
Effect of woodland clearing 
The rattern in peak AG total biomass in cut and uncut plots at the 
four sites is shown in Figure 3. When peak AG total biomass in 
adjacenl cut and uncut plo ts was co mpared during the six seasons 
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Figure 3 Peak ahove-ground total herhaceous biomass in uncut 
(vertical shading) and cut (dotted shading) plots at the four study 
sites from 199 1 to 1996. 
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using the Sign test, there were significant differences at hillside 
sites A (P = 0.008) and C (P = 0.(26) hut not at the intertluve 
sites (P > 0.(5). Mean peak AG total hiomass in cut and uncut 
plots was 97.0 g m2 (S .D. = 50.2) and 66.6 g 1112 (S.D. = 39.9) at 
site A and the corresponding values at site C were 125 g m-2 
(S.D. = 64.4) and 80.6 g m-1 (S.D. = 39.4) during the six seasons. 
Annual and spatial variations in biomass 
Figure 3 also shows annual variations in peak AG total biomass 
at the four si tes. Comparison with the Kruskal-Wallis analysis of 
variance revealed significant differences in herbaceous biomass 
be tween years at each site in both cut (H ranging from 99-106, P 
< 0.(01) and uncut (H ranging rrom 13- 162, P < 0.05) plots. 
Comparison between sites during each of Ihe six seasons also 
revealed significant diffe rences for hoth cuI and uncut plots (H 
ranging from 38-117, P < 0.(01). Thus annual variations in her-
haceous hiomass production at each site wcre predominant while 
inter-site or spatial variations were promincnt during each year. 
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Figure 4 Contribution of necromass (vertical shading) and live 
biomass (dotted shading) to total above-ground herbaceous biomass 
at the four study sites du ring (a) the 1990191 season and (b) MarchI 
April from 1991 to 1996. 
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Peak above-ground biomass and production 
Peak AG tota l biomass was measured at the end of March or early 
April by which time some of the necromass from the season's 
production (Figure 4) had undergone some decomposition. Peak 
AG to tal biomass therdore underestimated production. The rate 
of surface grass litter mass loss due to decomposition during the 
1991/92 and 1992193 seasons was 29% and 56%. respoclively,'1 
the end of March. The higher rate of mass loss during the 1992/93 
season was probably related to the higher seasonal rainfal l as evi-
denced by higher soil moisture content (Table 2). However, in 
estimating mass loss due to decomposition for calculating pro-
duction estimates, the average per cent mass loss of 0. 13% (S.D. 
= 0.07) per day over the two seasons was used although decom-
position rates of surface litter might have been di fferent from 
those of aerial necr6mass. It is evident from Figure 4 that nccro-
mass was observed in March and it was considered reasonable to 
assume that mortality of the season's production started in Febru-
ary, although no noticeable neeromass was observed then. The 
observed nee ram ass, therefore, has been corn.!cted for mass loss 
due to decomposition for the period from 1 st February to the time 
of harvesting in March or carly Apri l. By this method the ratio of 
mean peak AG total biomass/production (biomass without 
decomposit ion loses) ranged from 65- 99% with an overall aver-
age of 88% (S.D. = 10) for the fou r sites over the six-year pe riod. 
Therefore, peak AG total biomass, on average, underestimated 
production by 12%. The actual amount varied from year to year 
(Table 3), both in relative and absolute terms. 
Another source of underestimation of production by the peak 
biomass method was loss of materials in live biomass that 
occurred between February and March. These losses occurred 
bo th in AG and BG biomass compollt.!nts (Figure 2) although this 
might be an artefact o f not sampling fine roots. Among the mate-
rials analysed, the largest losses affected potassium (Figure 2). 
These losses affected both the concentration and absolute stocks 
(g m-2) of K t.!ven for periods when live biomass was increasing 
(Table 4). Losses in K stocks in AG biomass from February to 
March was estimated at 37.5% (S.D. = 13.3) which represented 
an absolule loss of 2.13 g m-' (S.D. = 0.96) or 1.0--7.0% of peak 
AG live biomass at the different sites. 
Table 3 Comparison between above-ground total her-
baceous biomass and estimated production (biomass with-
out decomposition losses) at the four study sites in six 
seasons. Mean values (g m-') and standard deviation in 
brackets 
Season 
1990/91 199 1/92 1992193 1993/94 1994195 1995/96 
Site A: 
Peak biomass 47(2 1 ) 68(34) 143(46) 91(39) 70(33) 4 1(24) 
Production 48(22) 69(35) 146(47) 112(47) 108(53) 46(26) 
S ite B: 
Peak biomass 113(91) 133(66) 171(83) 150(87) 88(40) 89(55) 
Product ion 115(92) 136(67) 194(95) 204(134) 108(52) 114(74) 
Site C: 
Peak biomass 49(20) 77(38) 151(60) 79(29 ) 102(45) 98(68) 
Production 50(20) 78(39) 179(65) 98(35) 127(54) 120(47) 
Site D: 
Peak biomass 131(72) 126(50) 196( 153) 142(80) 87(43) 112(47) 
Production 133(74) 128(51) 199(155) 190(108) 108(56) 125(52) 
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Table 4 Changes in potassium stocks in above-ground 
live herbaceous biomass between February and March at 
the four study sites. S.D. is standard deviation. 
Site Potass ium sloc ks (g m-2) 
1lJ91 1992 
February March Change February March Change 
A 4.74 3.50 - 1.24 s.n 2.49 -3.29 
B 4.84 3.29 -1.55 4.8 1 4. 12 - 0.69 
C 3.56 0.73 - 2.83 -1..24 2.60 - 1.64 
0 5.90 3.06 - 2.84 ('.65 3.7 1 -2.94 
Mean 4.76 2.65 - 2.11 5.37 3.23 - 2.14 
S.D. 0.96 1.29 0.84 1.06 0.81 1.20 
Discussion 
Photosynthetic assimilation in grass(;s :.It rhe four dry miombo 
sitt.!s was d istinc ti ve ly seasonal and appeared to be activated and 
maintained by soil moisture of at least 5% in the upper layers 
which occurred from November to March (Chidumayo 1993). 
When a sire was burnt almost all the AG nee rom ass was 
destroyed, with biomass renew31 taking pl:.lce the following 
growing season, as was ohserved at a wet miombo site in Zaire 
(Malaisse et al. 1975). In rhe absence of fire some necromass 
may have been carried over to the next season but the amount 
was relatively small (Figure 4), perhaps due to termite activ ity 
(Maiaissc et at. 1975). At the study sites, this residual nccromass 
disappeared by February through decomposition. 
Necromass from the current season 's production presumably 
started to accumulate from February. bur significant amounts 
only appeared in March, almost (hree months after the ollset of 
the growing season. Malaisse er al. ( 1975) made simi lar observ:.l-
ti ons in a. Zairean wet miombo. Often the death of AG live bio-
mass is initially triggered by the shading of lower leaves by those 
above (Sarmiento 1984), but this process is accelerated followi ng 
flowering and fruiting (Menaut & Cesar 1979). Available pheno-
logical data of grasses in miombo indicate that the majority 
flower during the latter half of the rainy season (As!ic 1968-69; 
Malaisse 1974). In spite of this accderatcd biomass death, the 
quantity of ncc romass remained fairly constant from March to 
May 199 1, although this varied somewhat from year to year (Fig-
ure 4b). 
Although many workers have used the peak biomass mt.! thod 
to assess AG grass production in African savannas (Deshmukh 
1984), this approach underestimates production because it docs 
not take into account the s imultaneous process of decomposition, 
temporal differences when specit.! s reach peak biomass. and the 
effects of translocation of materials between AG and BG bio-
mass components (Sarmiento 1984). In neotropical savannas 
annual production may be 50% higher than the annual biomass 
peak (Sarmiento 1984). This underestimation by the peak bio-
mass method 1S higher in wetter savannas wi th longer growing 
seasons. The peak biomass method underestimates AG produc-
tion by 50- 85% in such savannas (Long clal. 1989). The present 
study was carried out at hypcrseasonal sites with a very shan 
growing season (November- MarCh/April) and peak biomass was 
estimated to represent 65-99% of annua l AG herbaceous bio-
mass production when decomposition losses were considered. 
Although perennial herbs have been reported to redistribute 
nutrients from AG li ve hiomass (Q roots at the end of the growing 
season (Ridder & Breman 1993), this was not evident in the 
present study. Instead the concentration of N. K, and P decreased 
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in both AG und EG biomass (Figure 2). Estimates indicate that 
1-7% of AG live biomass was lost due to nutrient loss between 
February and Mart:h. In dry miombo, peak AG total herbaceous 
biomass m.IY therefore rcprl!sent 64-92% of actua l production, 
an underestimation of ~-36%. This is much lower compared with 
estimates of 50- 85% given by Long e( (J/. (1989) and Sarmiento 
(1984), perhaps because or the xeric conditions in dry miombo 
« 1100 mm annual rainfall ) and the short growing season. 
During the three rainy SC::lsons for which so il moisture data 
were avai lab le, there was no correlation with herbaceous bio· 
mass production, except for the negative correlation at site B. 
The lack of correlation at the other sites could be because soil 
moisture content data do nO[ necessarily indicate water avaiJabil· 
ity. soil wat!.!r ho lding capacity and the infiltration capaci ty of the 
soil, which significamly affect herbaceous biomass production 
(Rulherford 1978; Barnes ef a/. 199 1; Leeuw & TOlhill 1993). 
Increased herbaceous production due to woodland clearing. 
especially after the first season following clearing, was apparent 
at all the study si tes (Figure J). although the difference between 
~UI and uncut plo ts was significant only at the hillside sites which 
a lso had s ha llow soils. This confirms rhe negative effect thal 
woody plam cover has on hl!fbaceous biomass production in 
many savannas (Barnes 1965; Ward & Cleghorn 1970; Sirang 
1974; Ogunlala 1980; Sanford ef al. 1982; Mooney & Gulmon 
1983; Knoop & Walker 1985; Prince & Astle 1986; Harrington 
& Johns 1990). Woodland clearing at Ihe siudy siles perhaps 
reduced shading and competition for soil m o is ture andlor nutri· 
en Is by woody plants. which promoted herbaceous biomass pro-
duction. Irrespective of woodland clearing. there were significant 
annual variations in herbaceous biomass production at each study 
s ileo Although lhe u nderl yi ng causes of s uc h varimions were not 
clear, soi I moistu re availability is a cont ribu tory factor. For exam· 
pie. between the three seasons for which both data were avai la-
ble, the highest biomass production (Figure J) and soil moisture 
values (Table 2) wt!re observed during the 1992/93 season. 
The other factor that consistently had a negative effect on her-
baceous biom ass production was soi l extractable P. Sites wi th a 
high ext ractable P had low herbaceous biomass production, 
although (his effect was not consistent over seasons. Since 
extrac table P docs not necessarily indicate the availability of P. it 
was not clear whether this was a direct e lfect of the higher avai l-
able P conte lH in the soil or was a consequence of interactions of 
P with Olher nutrients. such as mineral N. whose concentrations 
were not s ign ifi cantly different between sites. 
Rutherford (1978) categorized herbaceous production in 
southern Africa into three zones: (i) <1000 kg ha- I , (ii) 
1000-2000 kg ha-
'
. and (iii) >2000 kg ha- I per year. Peak AG 
total bio mass a t the hi ll side sites A and C averaged 766 (S.D. = 
370) kg ha-
' 
and 927 (S.D. = 340) kg ha- I per yea r, respec live ly, 
over the six -year period while at the interlluve si tes Band 0 bio· 
mass averaged 1240 (S.D. = 340) kg ha- I and 1323 (S.D. = 370) 
kg ha- I per year, respecti ve ly. Intertluve sites therefore belong to 
[he 1000-2000 kg ha- I yr l zone while hillside sites belong 10 Ihe 
<1000 kg ha- I yrl zone. These results suggest that landform in 
dry miombo woodland has an influence o n herbaceous produc-
tion as has been observed in the Sahelian and Sudan zones of 
Wesl Africa (Leeuw ef at. 1993; Ridder & Breman 1993). This 
influence is probably linked to changes in soil characteristics 
along a topographic gradient and the effect of woodland clearing 
o n herbaceous biomass production was more s ignificant at hill· 
s ide s ites than at flat intcrJ1uvt! sites. 
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